Unique features of structure in an odd-proton N m Z nucleus 69 As 
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We apply a large-scale shell model to the study of proton-rich odd-mass nuclei with N ~ Z. 
Calculations predict unexpected structure in the 69 As nucleus for which a detailed experiment was 
recently performed. In this odd-proton nucleus, one neutron competes with one proton for occupying 
the high-j intruder orbit g 9 / 2 in the 9/2+ state and almost solely occupies the <?g/ 2 orbit in other 
low-lying positive-parity states. The T = 0, J = 9 one-proton-one-neutron alignment takes place in 
the negative-parity states with medium-high spins. A unique coexistence of two lowest bands with 
positive and negative signs of spectroscopic quadrupole moments is predicted. 

PACS numbers: 21.60.Cs,21.10.-k,27.50.+c 



I. INTRODUCTION 

The study of N sa Z proton-rich nuclei with A = 
60 — 100 is one of current topics in nuclear physics. These 
nuclei have provided plenty of phenomena exhibiting in- 
teresting structure such as rapid shape changes with in- 
creasing N, Z, and J (spin). Strong residual correlations 
between protons and neutrons which are inherent prop- 
erties of nuclei play a key role in these N ss Z fpg-sheW 
nuclei. Experiments are extensively accumulating a vari- 
ety of unique phenomena which demand theoretical ex- 
planations. The shape changes, shape coexistence, and 
particle alignments have been investigated intensively in 
even-even N w Z nuclei until now (for instance , see lat- 
est work [1 H H H H H Q, H U), but they have not 
fully been discussed in odd-mass N m Z nuclei and odd- 
odd N w Z nuclei One of the reasons apart from 
experimental difficulty is that theoretical approaches em- 
ployed are not necessarily fit to describe these properties 
of odd-mass and odd-odd nuclei. 

Recently, the spherical shell model has become capa- 
ble of calculating A = 60 — 70 nuclei in the pf 5/239/2 
shell. The shell model calculations reproduce observed 
energy levels up to high spins in these nuclei and suc- 
cessfully explain shape changes from 64 Ge to 68 Se along 
the even-even N = Z line and various particle alignments 
in even-even nuclei [H mill. The shell model predicts 
unexpected alignment in this mass region. More pre- 
cisely, T = one-proton-one- neutron (lpln) alignment 
in the high-j #9/2 orbit takes place not only in odd-odd 
nuclei but also in even-even nuclei. In addition, the shell 
model calculation 0] revealed possible shape difference 
between low-lying states in the odd-odd N = Z nucleus 
66 As, predicting a shape isomer. These calculations sug- 
gest that unusual structure observed in even-even N « Z 
nuclei would occur in odd-mass and odd-odd nuclei of this 
mass region and the reverse also could happen. A further 
study of the questions must contribute to elucidation of 
various features of nuclear structure. 

In this paper, we are interested in the question what 
characteristics appear in odd-mass N f=a Z nuclei. Our 



previous paper [l^, where the isomeric state 9/2+ in 67 As 
was investigated, found unique structure formed in the 
odd-proton N w Z nucleus. A recent experiment carried 
out by Stefanescu et al. fl6l ] has provided much new 
information in the nucleus 69 As as compared with nearby 
other odd-mass nuclei. Three doublets of negative- and 
positive-parity bands and high-spin states up to band 
terminations are observed in 69 As. The very detailed 
data seem to conceal unknown features of odd-proton 
pfg-sheW nuclei and are worth investigating. The shell 
model calculation which gives precise wave functions for 
yrast and non-yrast states is expected to be fruitful for 
the investigation. 



II. THE MODEL 

We employ the same shell model with the single- 
particle states (p 3 / 2 , /5/2;Pi/2> 39/2) as that used for 66 As 
and 67 As in Ref. The extended P+QQ Hamiltonian 
used here is composed of the single-particle energies, T — 
monopole field (H^°), monopole corrections (H mc ), 
J = pairing force (Hp ), quadrupole-quadrupole force 
(Hqq) and octupole-octupole force (Hqo)'- 
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H sp + H^ v + H mc + Hp 
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where A JMTK (ab) is a pair creation operator with spin 
JM and isospin TK in the orbits (ab). This shell model 
has proven to be rather successful in describing A = 64 — 
70 nuclei such as 65 Ge, 67 Ge, 66 As, 67 As, and neighboring 
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even-even nuclei up to 70 Ge. For more details, see Refs. 
miH. Some specifics are reviewed below. 

We made a search for good parameters which describe 
even- and odd-mass Ge isotopes ^ij . The single-particle 
energies of the four orbits are obtained as £ P 3/2 = 0.0, 
e /5/2 = 0.77, £ p i/2 = 1-11, and £ g9 / 2 = 2.50 in MeV. 
The value e g9/2 = 2.5 MeV differs from 3.7 MeV ex- 
tracted from 57 Ni in Ref. but coincides with that 
of Ref. It is difficult to reproduce the energy 

levels (9/2 + and others) of the odd-mass Ge isotopes 
65 Ge and 67 Ge unless we lower the energy e g9 / 2 to 2.5 
MeV. The monopole field H^°, which depends only 
on the total isospin and the number of valence nuclc- 
ons, does not affect excitation energies considered in this 
paper. Because the isospin is a good quantum num- 
ber in N rs Z nuclei, we set the Hamiltonian to con- 
serve the isospin. The parameter search gave the force 
strengths (g = 0.27(64/^1), X2 = 0.25(64/^) 5 / 3 , and 
\3 = 0.05(64/A) 2 in MeV) and five parameters of the 
monopole corrections. Three of the monopole correc- 
tions (AkT= 1 (p 3/2 ,f 5/2 ) = Ak^= 1 (p 3/2 , Pl/2 ) = -0.3 
and A/c^ 1 (/ 5 /2,Pi/2) = —0.4 in MeV) are important 
for the collectivity in the (P3/2, /5/2>Pi/2) subspace. Es- 
pecially, Ak^ 1 (f 5 / 2 ,p 1 / 2 ) plays an important role in 
producing the oblate shape for 68 Se and 72 Kr [l3j] Tlic 
study of isomeric states in 66 As and 67 As compelled us 
to make a modification to the monopole corrections ^5| . 
The additional terms are Ak^r°(a,g 9 / 2 ) = —0.18 MeV 
(a = j?3/2j fb/ 2 ,Pi/ 2 )- These corrections have an effect 
of lowering e g9 i 2 further but the effect is different from 
wide effects caused by directly decreasing e g9 / 2 . Our cal- 
culations suggest that a special contribution of the g 9 / 2 
orbit may be related to the rapid structure change when 
Z and N approaching 40, although the parameter- fitting 
treatment does not explain the physical origin. 

In this paper, we carry out lar ge-s cale shell model cal- 
culations for 69 As using the code [l!j, which diagonalizes 
shell model Hamiltonian matrix in M-scheme. As, in M- 
scheme, shell model dimensions decrease as a function of 
\M\ value, lower spin state needs bigger shell model di- 
mension and there is a case that higher spin states are 
easily solved while the lower spin states can not be solved 
exactly. In the present case, the low-spin states with 
,r < 7/2~ or r < 9/2+ in 69 As have a dimension of the 
Hamiltonian matrix larger than 2 x 10 8 . The dimension 
exceeds the capacity of our personal computers. There- 
fore, we truncate the matrix by limiting the number t in 
the configuration space £„> t (p 3/2 , h/ 2 ) n {px/ 2 , 59/2) 13 "™- 
For 3/2~ states, for instance, the dimension is 1.996 x 10 s 
when t = 5. For 69 As, however, the maximum dimension 
is at most 2.4 x 10 8 and hence the t = 5 truncation (t = 2 
for 9/2 + ) is expected to be good enough for our discus- 
sions. 

For more accurate calculations, we consider the energy 
variance extrapolation method |20|. which can evaluate 
exact energy from the truncated wave functions based 
on the scaling property between energy difference 5E 



and energy variance AE, i.e., SE oc AE. Here we use 
a new formula of energy variance extrapolation derived 
by introducing a lowest energy projection operator R to 
approximated wave function \ip). As R\tp) is a better 
wave function, it gives more precise estimation. In fact, 
we use y/~H as R and a new scaling relation can be de- 
rived, which involves the expectation value of H 3 [2l| . 
In the case of 69 As, this extrapolation gives exact en- 
ergies within the accuracy 1 keV. We have found that 
the results in the slightly truncated spaces for the states 
with ,r < 7/2- or J* < 9/2+ are almost exact. The 
extrapolation improves energies only by several keV. 

We adopt the harmonic-oscillator range parameter b ss 
1 x A 1 / 6 fm. We use the effective charges e£ ff = 1.5e and 
e v cS — 0.5e for B(E2) and the spectroscopic quadrupole 
moment Q sp — £ r=7r „ep ff y // T6TT/5(r 2 Y 2 o) T , where the 
symbol ( ) denotes an expectation value. 



III. CALCULATED RESULTS AND 
DISCUSSIONS 

A. Positive-parity states 

Calculated energy levels with positive parity are com- 
pared with the experimental ones of Ref. |16| . in Fig. ^ 
The experimental bands are labeled with the same num- 
bers as those used in Ref. [ll|, where these bands are 
classified according to observed electromagnetic transi- 
tions. Similarly, we classify the calculated energy levels 
into bands according to cascade series of large B(E2 : 
J — > J — 2) values. It should be noted that the calculated 
B(E2 : J — > J— 2) value is very small when the two states 
with J— 2 and J belong to different bands. We calculated 
also B(M1 : J — > J — 1) values to compare with exper- 
imentally observed J — > J — 1 transitions. We use the 
free-nucleon effective (/-factors for calculations of Ml and 
M2 transition strengths. In the calculations, the pairs 
of (13/2+ 13/2+), (17/2+ 17/2+), and (21/2+ 21/2+) 
almost degenerate in energy, respectively. We classify 
the 21/2+ state as the member of the band 1 from the 
value B(E2 : 25/2+ -> 21/2+) = 12.7 Weisskoph unit 
(W.u.) much larger than B(E2 : 25/2+ -> 21/2+) = 
0.15 W.u. This is consistent with the calculated val- 
ues B(M1 : 23/2+ -> 21/2+) > B(M1 : 23/2+ 
21/2+) - 0.02 W.u., B(E2 : 23/2+ -> 21/2+) = 1.7 
W.u., and B(E2 : 23/2+ -► 21/2+) = 0.03 W.u. For 
13/2+, we have the values B(M1 : 15/2+ -> 13/2+) = 
2.96 W.u., B(M1 : 15/2+ -> 13/2+) = 0.95 W.u., 
B{E2 : 15/2+ -> 13/2+) = 12.6 W.u., and B(E2 : 
15/2+ -> 13/2+) = 0.70 W.u. These values suggest that 
the 13/2+ state is another candidate for the 13/2+ state 
observed in the band 1, although the B(E2) values for 
the cascade decay 17/2+ — > 13/2+ — > 9/2^ are smaller 
than those for 17/2+ -> 13/2+ -> 9/2+. We get calcu- 
lated values B(E2 : 11/2+ -> 9/2+) = 7.3 W.u. and 
B(M1 : 11/2+ -»■ 9/2+) = 0.22 W.u. This indicates a 
strong E2 transition for 11/2+ 9/2+. 
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We cannot find the 27/2+ (29/2+) member belong- 
ing to the band 1 (1') among the lowest five states with 
J = 27/2 (J = 29/2) in calculations. These states with 
J n > 27/2+ have different configurations from the states 
with J 71 " < 23/2 + and the 25/2+ state as discussed later. 
Therefore, the 27/2+ and 29/2+ members are missing in 
the calculated band 1 (1') in Fig. Our model predicts 
the 25/24" state as a member of the band 3. The calcu- 
lated results thus show deviations from the experimen- 
tal data 0| and suggest that mixing of wave functions 
should be improved. However, our model reproduces 
qualitatively well a lot of observed energy levels and ba- 
sically explains the experimental band classifications. It 
is difficult to get such a good quality of agreement with 
experiment using other models at present. The structure 
study of 69 As with our model is worthwhile. 

Let us analyze obtained wave functions and consider 
the structure which characterizes the observed bands. 
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FIG. 1: Experimental and calculated energy levels with pos- 
itive parity. The spin of each state is denoted by the dou- 
ble number 2J. Non-yrast states are distinguished with the 
subscripts which represent the numerical order for each spin, 
while the subscript 1 is omitted for the yrast states. In addi- 
tion to these "collective states" , nearby levels which have the 
same spin as that of the collective states are plotted using the 
dashed lines. 



We calculated the following quantities for every state: 

(1) expectation values of proton and neutron numbers 
in the four orbits which are denoted by (n^) and (n„); 

(2) expectation values of spin and isospin in the high-j 
intruder orbit 59/2 and in the pf shell (p3/2,/5/2,Pi/2) 
which are evaluated as (J,) = [(jf) + 1/4] V 2 - 1/2 and 
(Ti) = [(If) + 1/4] 1 ' 2 - 1/2, where ji and U are spin 
and isospin operators for i — g 9 / 2 or i = pf; (3) spectro- 
scopic quadrupole moment Q sp . These quantities are use- 
ful in investigating structure change in a series of states 

HHH HI 111. 



In Fig. 2, we illustrate the expectation values 
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( n g9/2)> and ( T i) (* = 99/2' Pf) for tne POSitive- 

parity bands. Figure 2 indicates that the classifications 
of bands correspond to different configurations. As the 
spin J increases, the positive-parity states pass three 
stages A, B, and C classified by the occupation num- 
ber (rc£ 9/2 ) -I- (n" gg/2 ): [Stage A] states with ,r < 23/2+ 



and the 25/2J state have 
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FIG. 2: The expectation values {n v g9 i 2 ) and {n™ 9 / 2 ) m the 
upper panel, and the expectation values (T;) and (Ji) (i = 
39/2 1 Pf) m the lower panel, for the positive-parity bands. 
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(ri^ g / 2 ) ~ 2 and {n u g9 ^ ~ 3. (Note that a basis state 
with positive parity has an odd number of <7g/ 2 nucleons.) 
The band 1 is at the stage A (which is composed of two 
series of the favored states with J = 9/2 + 21 {a = 9/2) 
and unfavored states with J = 7/2 + 2/ (a = 9/2 — 1), 
where I being an integer), the bands 2 and 3 are at the 
stage B, and the band 4 is at the stage C. These results 
for the bands 2, 3, and 4 are consistent with the results 
of cranked Nilsson-Strutinsky calculations in Ref. [l6| . 
The lower panel of Fig. [2] displays angular momentum 
alignments. In the bands 2 and 3, one proton and two 
neutrons (lp2n) in the gg/ 2 orbit align their spins to be 
(Jg9/i) ~ 25/2 (9/2 + 9/2 + 7/2) and fold their isospins to 
be minimum (T g g/2) ~ 1/2. In the band 4, two protons 
and three neutrons (2p3n) in the <7g/ 2 orbit align their 
spins to be {J g g/ 2 ) ~ 37/2 and fold their isospins to be 
{Tgg/2) ~ 1/2. Thus, the experimental bands 2 and 3 
are the \p2n aligned bands and the band 4 is the 2p3n 
aligned band. 

The structure of the lowest positive-parity band 1 was 
not much discussed in Ref. [16(- Our calculations re- 
veal unique structure in these states. According to the 
ENSDF data j22, the lowest positive-parity state 9/2+ 
has a long life-time t 1 / 2 — 1.35(4) ns, which reminds us 
about the isomeric state 9/2+ of 67 As {t\/2 = 12(2) ns). 
For the 9/2+ state of 69 As, we obtain the expectation 
values (n£ 9/2 ) = 0.86, (n£ 9/2 ) = 0.60, (J g9/2 ) « 9/2, 

and {Tgg/2) ~ 1/2 which are similar to those of the 9/2+ 
state in 67 As (see Ref. [13 )• This result suggests that 
the 9/2+ state is not simply expressed as (<7g^ 2 )(g> 68 Ge 

but has a significant component of (<7g/ 2 )(g> 68 As, indi- 
cating that one neutron competes with one proton for 
jumping in the high-j orbit g 9 / 2 in this odd-proton nu- 
cleus. The unique structure of the 9/2+ state retards E3 
and M2 transitions to the lower negative-parity states, 
i.e., B(E3 : 9/2+ -► 3/2~, 5/2", 7/2") < 0.08 and 
B{M2 : 9/2+ -► 5/2", 7/2~) < 0.38 in W.u., because 
the negative-parity states with J T < 7/2~ below the 
9/2+ state are collective states strongly mixed in the pf 
space as discussed later. The 5/2+ and 7/2 + states are 
above the 9/2+ state in our results. Our model is thus 
consistent with the long-life property of the 9/2+ state in 
69 As as in 67 As 15]. The states 13/2+ and 17/2+ have 
large neutron occupation numbers {n V g 9 / 2 ) — 0.61 and 
( n g9/2^ = 0-68, respectively. They have structure similar 
to the 9/2+ state and are possibly members of the band 
1 on 9/2+. We note here that calculated Q sp values are 
negative (prolate) for positive-parity states. 

The trend that a neutron is apt to jump in the g 9 / 2 or- 
bit manifests itself clearly in other states with 11/2+ < 
J n < 23/2+ and in the 25/2+ state. These states have 
one neutron instead of one proton in the g g / 2 orbit (see 
Fig. 0) and can be called "high-j In" states. We can 
say that the backbending from 21/2+ to 25/2+ in 69 As 
is caused by the "loin alignment" in contrast to the dis- 
cussion in Ref. |ldl |. This is unexpected structure in 



odd-proton nuclei. The results suggest that the residual 
A = 68 system excluding one g 9 / 2 nucleon favors an odd- 
odd subsystem with T p f = 1 analogous to 68 As rather 
than an even-even subsystem with T p f — 2 analogous to 
68 Ge. Because there is no energy difference between lp 
and In in the gg/ 2 orbit, the A = 68 subsystems with 
Tpf = 2 and T p f — 1 compete with each other. It should 
be noted here that the T = monopole field H^°, which 
brings about the bulk of the symmetry energy depending 
on the total isospin [2^] , does not have any effect on the 
subsystem but operates on the total isospin of the whole 
system. The A = 68 subsystem with (J p f) ~ and 
{Tpf) w 2 is probably superior in energy for the 9/2+ 
state. For the J™ > 9/2 + states excluding 13/2+ and 
17/2+ , however, the A = 68 subsystem with T p f w 1 can 
increase angular momentum with less energy. This is the 
reason why the yrast states with 11/2+ < J T < 23/2+ 
have mainly one neutron in the gg/2 orbit, in our shell 
model. The same mechanism probably produces such 
"high-j In" states in odd-proton N ~ Z nuclei. 

Our calculations predict another configuration for the 
yrast states 35/2+, 39/2 + , and 43/2 + . These states have 
the expectation values {ng 9 / 2 ) = 1-7 ~ 1.5, {n v g gi 2 ) = 
1.4 - 1.6, {Jgg/ 2 ) w 25/2, and (T g9/2 ) « 1/2, which 
suggests that these yrast states are mixed states of the 
2pln and lp2n aligned states. It is interesting that the 
2pln alignment contributes significantly to the unfavored 
states with J 71 = (7/2 + 2l) + . No detection of the 
,r = (7/2 + 2ZY+ (unfavored) band at spins J* > 31/2+ 
in experiment [16l | seems to be related to the mixed struc- 
ture of the J w = (7/2 + 21)+ band different from the 
,r = (9/2 + 2/)+ (favored) band. 



B. Negative- parity states 

Let us turn our attention to negative-parity states. 
Calculated negative-parity e nerg y levels are compared 
with the experimental ones 16] in Fig. where the 
experimental bands are labeled with the same numbers 
as those used in Ref. ^(| and corresponding theoretical 
bands are classified according to cascade series of large 
B(E2 : J — > J — 2) values. The calculated level scheme 
shows quantitative deviations from the experimental one 
in some details. The deviations suggest adjusting 
finely the parameters of the model Hamiltonian or intro- 
ducing effects excluded from it. However, a lot of experi- 
mental energy levels are qualitatively well reproduced ex- 
cept that the calculation lays the collective states (3/27/ 
and 5/27/) and (15/27 and 19/27/) in reverse order. The 
calculated four bands are basically in agreement with the 
experimental ones. 

Our shell model shows that, in a parallel manner to the 
positive-parity states, each of the negative-parity bands 
can be divided into three stages A, B, and C: The occu- 
pation number in the <7g/ 2 orbit is (^gg/ 2 ) + (^ g / 2 ) < 0.57 
at the stage A, {n^ g , 2 ) + {n U g, 2 ) ~ 2 at the stage B, and 
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FIG. 3: Experimental and calculated energy levels with neg- 
ative parity, illustrated in the same manner as Fig. 1. 
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99/2/ 



4 at the stage C. (Note that a basis 
state with negative parity has an even number of <7g/ 2 nu- 
cleons.) The three stages of each band are distinguished 
by illustrating them at somewhat shifted columns in Fig. 
13 In Fig. by way of example, we illustrate how the 



bands 7 and 8 change the expectation values 



W2. 



and 



(J g 9/ 2 ) at the three stages. It is reasonable to separate a 
negative-parity band into the three sub-bands from the 
parallelism between Figs. Q]® and[31l0}. Let us call the 
three sub-bands, for instance, 7A, 7B, and 7C. 

The low-spin states with J 7 ' < 7/2~ below 9/2^ have 
only fractional numbers of nucleons in the g g / 2 orbit, 



39/2/ 



< 0.20 and 



39/2/ 



< 0.33. The occupation 



numbers in the three orbits (P3/2 1/5/2 JP1/2) show that 
these low-spin states are collective states strongly mixed 
in the pf space. This is in disagreement with the con- 
jecture in Ref. [HI that the low-lying negative-parity 
states have single-particle character. Our model lays the 
collective state 3/2]" slightly below the 5/2 7" st ate for 
the odd-proton N ps Z nuclei 69 As and 67 As |l5j , which 
is inconsistent with the experimental ground state 5/2~. 
However, our model reproduces the correct ground states 
3/2~ and l/2~ respectively for the odd-neutron N w Z 



nuclei 65 Ge and 67 Ge [Tj|. In Fig. 3, tentatively as- 
signed 1/27, 3/2 J, and 5/2J states are considerably 
well reproduced with our model. Repeated calculations 
by changing the parameters within the extended P + QQ 
Hamiltonian have not succeeded to get a 5/2~ ground 
state in odd-mass As isotopes. The reversed order of 
5/2j7 and 3/2]" suggests an effect missing in our model. 
There is a possibility that the imposed isospin symmetry 
is too severe for reproducing different ground states in 
the N = 33 nucleus 65 Ge and the Z = 33 nuclei ( 67 As, 
69 As). 

It is interesting that in calculated results the low- 
est sub-bands 6A (3/27/ ,7/2^, 11/2^, 15/2^) and 8A 
(5/2]", 9/2]", 13/2]/) have distinctly positive and negative 
signs of spectroscopic quadrupole moments Q sp as shown 
in TableHJ The shell model calculations using the present 



TABLE I: Calculated spectroscopic quadrupole moments Q sp 
in e fm 2 for the lowest two sub-bands 6A and 8A. 



6A 


3/2" 


7 /22 


ll/2 2 " 


15/22 


Qsp 


22 


18 


41 


13 


8A 


5/27 


9/2/ 


13/2/ 




Qsp 


-30 


-19 


-17 
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FIG. 5: The energy surface (q, "f\H\q, 7) in the q — 7 plane 
(0° < 7 < 60°) plotted with contours. 

model 

[3 13 13 13 give ± signs of Q sp to the 2+ and 

2 2 states in even-even Zn and Ge isotopes with N fa Z 
and to the if and 3f states in 66 As, but do not pro- 
duce distinct two bands with Q sp = ± for these nuclei. 
Only for 68 Se, in our calculations, we got oblate-prolate 
shape coexistence as two bands with Q sp = ±. (That 
is confirmed by the two minima of the potential energy 
surface drawn in the q — 7 plane in the constrained HF 
calculation for the same Hamiltonian [3].) Therefore, 
the coexistence of the two bands with <5 sp = ± in an 
odd-mass N « Z nucleus is remarkable. It is known, 
however, that in this mass region the potential energy 
mostly has minima both in prolate and oblate shapes 
under the condition of axial symmetry. In order to de- 
termine the shapes of the pair of Q sp = ± bands, we must 
examine the potential energy surface in the q — 7 plane. 
We carried out the constrained HF calculation |2-lll'25| for 
69 As. The result is illustrated in Fig. where q is the 
intrinsic quadrupole moment (the unit is efm 2 ). We have 
the relation Q sp cx q(e 7r + e„) / 'e but cannot easily express 
its coefficient in the triaxial situation shown in Fig. [3] 
This figure shows that in low energy 69 As favors a triax- 
ial shape in the q — 7 plane but the shallow and broad 
minimum indicates rather 7-unstable nature. Thus, the 
coexistence of the Q sp = ± bands in 69 As is different 
from the oblate-prolate shape coexistence in 68 Se but is 
a unique phenomenon in an odd-mass nucleus. The last 
odd nucleon must play an important role in kinematically 
determining the nuclear shape. The two angular momen- 
tum couplings J = 5/2 + 21 (favored) and J = 3/2 + 21 
(unfavored) seem to have different effects on Q sp . 

For high-spin negative-parity states, only 2n, lp3n, 
and 2p2n configurations in the gg/2 orbit are considered 
in Ref. • In contrast Fig. g] displays that unex- 
pected structure appears in the sub-bands 7B and 8B 
with 17/2" < ,r < 33/2-. The present shell model pre- 
dicts the lpln configuration in the 179/2 orbit {{n K gg/ 2 ) ~ 1 
and (ng 9 / 2 ) ~ 1) for the states of the sub-bands 7B and 
8B (also for the states of the sub-bands 5B and 6B with 
19/2~ < .r < 35/2-) except for the states 17/27 and 
21/27. The lpln pair in the gg/2 orbit has {Tgg/ 2 ) ~ 
and (J gg/2) ~ 9 as shown in the lower panel of Fig. 21 



which indicates the T = 0, J = 9 lpln alignment in the 
high- 7 orbit 39/2- The shell model calculations have al- 
ready shown the same lpln alignment in even-even and 
odd-odd N k, Z nuclei ( 62 Zn, 64 " 68 Ge, 68 Se, and 66 As) 
[3 13 13 Therefore we can say that the T = 0, J = 9 
lpln alignment is a general phenomenon in N ss Z nuclei 
of this mass region. We can expect the same structure 
also in 72 Kr, 72 Br, 73 Br, etc. 

When the T = 0, J = 9 lpln alignment takes place in 
69 As, the residual A = 67 subsystem excluding the gg/2 
nucleons has the isospin T p f = 3/2 analogous to 67 Ge 
(see Fig. 0}. The T = lpln alignment is not only due 
to a large energy gain of the T = 0,J = 9 1pln pair 
in the gg /2 orbit but also due to low energy of the resid- 
ual A = 67 subsystem. The competition between the 
A = 67 subsystems with T p j — 3/2 and T p f = 1/2 affects 
the competition between the T = lpln alignment and 
T = 1 2n alignment in the gg/2 orbit. In our calculations, 
the 2n aligned state 17/2^ (21/2^~) is higher in energy 
than the lpln aligned state 17/27/ (21/27/), and the 2n 
aligned state does not appear in the lowest two states of 
each J when 23 /2~ < J* < 35/2- . This situation possi- 
bly explains the reason why the experiment [l6| detected 
only one 17/2 - state in the doublet of J" = (5/2 + 21)- 
bands. The results (ng Q / 2 ) ~ 0-67 and (^9/2) ~ 1-57 f° r 
15/27/ suggest that the 15/27/ state is a mixture of the 
lpln and 2n aligned states. 

In our calculations, the > 37/2 _ states have the 
aligned 2p2n in the 39/2 orbit except that the states 
39/27/ and 39/27 have mixed components of the aligned 
lp3n. This is consistent with the result of cranked 
Nilsson-Strutinsky calculations in Ref. jlj|. The cal- 
culated 35/27. state is the 2p2n aligned state mixed with 
the lp3n aligned state and is a candidate for the 35/2~ 
member of the band 6. 



IV. CONCLUSION 

The analysis of 69 As by means of large-scale shell 
model calculations has revealed unexpected features of 
structure. In this odd-proton N w Z nucleus in which 
the high- j intruder orbit g g / 2 plays an important role, 
one neutron competes with one proton for occupying the 
39/2 orbit in the states 9/2f, 13/2^, and 17/2^. More- 
over, one neutron almost solely occupies the <?g/ 2 orbit in 
other positive-parity states with J T < 23/2+ . This trend 
makes higher-spin states be the lp2n and 2p3n aligned 
states. For the negative-parity states, the present shell 
model indicates the T = 0, J = 9 lpln alignment in 
the 39/2 orbit, in an odd-mass nucleus as well as odd- 
odd and even-even nuclei. These unique configurations 
take place in cooperation with the characteristic that the 
N w Z subsystems with different T excluding the gg/2 
nucleons nearly degenerate in energy. The present model 
also predicts the coexistence of two lowest bands with 
Q sp = ± different from the known oblate-prolate shape 



coexistence, in the odd-mass nucleus 69 As. This work ety of interesting phenomena in N m Z nuclei, providing 
and a series of our papers 0,0,0, El clarified a vari- a useful perspective for studying neighboring nuclei. 
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